The results displayed solid agreement in rainfall patterns and rain distribution. Additionally, when the AMSU-A RRs were multiplied by a factor of approximately 1.5 (particularly for heavy rainfalls), the intensities of the AMSU-A RRs roughly equaled those of the TMI RRs. Combining this data with the other satellite rainfall retrieval data, a series of AMSU-A rain maps for sea areas were shown to mitigate the problem of relatively sporadic observations of rainfall at sea.
INTRODUCTION
During the Mei-Yu season (from May to June) numerous disasters, such as flash floods and mudslides, occur in Taiwan owing to heavy rainfall induced from Mesoscale Convective Systems (MCSs) from the ocean. Unfortunately, information on rainfall caused by MCSs is scarce due to a lack of sea-based meteorological radar and rain gauges. Therefore, other methods for estimating the rainfall rate over sea areas accurately are urgently required to reduce losses from heavy rainfall associated with MCSs.
Satellite rainfall retrieval can provide rainfall estimates more frequently and over a wider area than conventional direct rain gauge measurements; they thus can be useful in detecting heavy rain events caused by MCSs. Infrared (IR) radiometers on satellites sense radiation emitted from cloud-tops. IR observations thus cannot provide information on the vertical structure of clouds, or on near-surface rain layers. Moreover, satellite visible (VIS) data are only available in the daytime, limiting the potential for improving some IR rainfall algorithms. However, passive microwave (MW) radiometers can physically sense drops and hydrometeors within precipitating clouds. MW rainfall retrieval methods use more direct measurements than IR rainfall retrievals, and MW rain estimates generally are more accurate than IR estimates. Therefore, MW rain estimates are widely used in both flash flood monitoring and oceanic heavy rainfall warnings.
As a polar molecule, water has a very large dielectric constant at microwave frequencies. This property accounts for the high reflectivity (low emissivity) of the ocean surface (Wilheit and Chang 1980) . The low emissivity of the ocean surface provides a good cold background for viewing particles with relatively higher emissivities, such as rain, over the ocean. Consequently, emission rainfall algorithms rely upon the amount of extra radiation emitted by the precipitation particles against a radiometrically cold background -namely, the ocean -for retrieving rain rates (RRs). In contrast, land surfaces have emissivities in the range of 0.8~0.95 range, and thus emission rainfall algorithms are unsuitable for overland applications, because the high surface emissions effectively mask the precipitation attenuation. On the other hand, scattering rainfall algorithms rely on the general cooling in the high-frequency channels due to the scattering by ice in the upper portions of many raining clouds.
Establishing the relationship between the increased MW Tbs and hourly RRs for emission rainfall algorithms, or between decreased Tbs and RRs for scattering rainfall algorithms, require utilizing a theoretically derived relationship between Tbs and RRs or applying regression techniques to ground-truth data. Island rain gauge data can be used as ground-truth data coincident with satellite rainfall observations (Chen and Li 2000) . Rainfall observations were treated as representing the rainfall for the waters around the island (or island gauge). MW data from the AMSU-A onboard the NOAA satellites were used in this study to estimate oceanic RRs. Using multi-channel MW Tbs from the AMSU-A and rainfall observations from island gauges near Taiwan, this study used a piecewise linear regression technique introduced by Chen and Li (2002a) to establish Tbs-RR linear regression equations. This study develops an AMSU-A rainfall algorithm for estimating oceanic RRs using the AMSU-A.
DATA
The study domain ranged from 15°N, 110°E to 30°N, 130°E. This study used four data sets during the 1999 to 2001 Mei-Yu season: (1) AMSU-A passive microwave measurements/ NOAA-15, -16, (2) IR measurements from the AVHRR (Advanced Very High Resolution Radiometer)/NOAA-15, -16, (3) IR measurements from the VISSR (Visible and Infrared Spin Scan Radiometer)/GMS (Geostationary Meteorological Satellite)-5, and (4) rainfall accumulation (mm) over one hour from island rain gauges. These data were obtained from nine different islands in Japan, and were provided by the Japan Meteorological Agency (JMA). Moreover, the AMSU-A and AVHRR satellite data come from NOAA/NESDIS (National Oceanic and Atmospheric Administration/National Environmental Satellite, Data, Information Service), and the GMS-5 data come from the Central Weather Bureau of Taiwan.
The AMSU-A is a 15-channel temperature sounder that operates at frequencies from 23.8 to 89.0 GHz. All AMSU-A channels have a fine resolution of 48 km (compared to 110 km for the MSU) at their nadir with window channels at 23.8, 31.4 and 89.0 GHz, representing the primary channels used to retrieve oceanic RR. The AMSU-A has an instantaneous field of view (FOV) of 3.3° at the half-power point, providing a cross-track, scanning +48.33° (-48.33° ) from the nadir with a total of 30 FOV (as opposed to 11 for the MSU) per scan line, and completes one scan every eight seconds.
AVHRR data were used to avoid the beam-filling problem (Kummerow 1998 ) by discarding inhomogeneous precipitating AMSU-A pixels. Since the AMSU-A and AVHRR were both on the same satellite, no time difference existed between them. Additionally, the horizontal spatial resolution of AVHRR pixel is much better than that of AMSU-A. Accordingly, sufficient AVHRR pixels exist within the footprint of an AMSU-A pixel to distinguish the homogeneous and inhomogeneous field of view. In this study, the AVHRR pixels were superimposed on the footprint of AMSU-A pixel and a supervised classification method was used (Richards and Jia 1999) to identify the weather conditions (raining or nonraining) by monitoring the AVHRR IR image pattern (cloud distribution) within an AMSU-A raining pixel. This is a very important procedure for verifying whether the rain gauge was located on the edge of a cumulonimbus cloud. If the rain gauge was so located, the beam-filling problem could be said to have occurred, and the RR retrieval result would be left uncorrected.
The GMS-5 satellite was launched in March 1995 into geostationary orbit at a height of 36000 km, located at nominal geodetic coordinates of 0°N and 140°E. The positioning of the satellite at 140°E provides it with an excellent view of the Western Pacific regions, as well as the whole of continental Australia. Full disk images are relayed to ground receiving stations approximately 25 -28 times per day, with half-hourly coverage during some periods of the day. The VISSR onboard the GMS-5 satellite can provide IR data with a spatial resolution of 5 km (at the nadir) at the 6.7-, 11-and 12-micron bands. Two thermal IR channels are located within the atmospheric window (8 -14 µm). 11-µm data were used to monitor MCS intensity (GMS-5 User's Guide 1997).
The JMA provided oceanic rainfall data from nine islands (Table 1) IRIOMOTELIMA (#94061), ISHIGAKIJIMA (#94081), OHARA (#94101), and HATERUMA (#94116). The data time step was 10 minutes. The Central Weather Bureau (CWB) of Taiwan also provided hourly rain measurements from three islands: Pengchiayu (25.62°N, 122.07°E), Lutao (22.65°N, 121.47°E), and Lanyu (22.04°N, 121.55°E) . Rain gauge data from these islands were treated as ground truth data, and were used to establish linear regression equations between the island RRs and coinciding AMSU-A MW Tbs.
AMSU-A RAINFALL RETRIEVAL ALGORITHM
The radiative transfer processes of rain can be separated into two regimes: the attenuation and scattering regimes. The microwave Tbs observed in the attenuation regimes represent observations of the liquid hydrometeors within the raining cloud, which can be considered direct rainfall measurements. On the other hand, the microwave Tbs observed in the scattering regime depends on the many details of the ice layer. The satellite microwave Tbs thus can be divided into attenuation-based and scattering-based measurements. The factors determining the type of attenuation encountered include precipitation particle size, particle phase (ice or liquid), and the radiation wavelength (Chen and Li 2002a) . This study considered the limbcorrected and the asymmetry correction problem (Weng et al. 2003) of the AMSU-A data by discarding the furthest three pixels on each scanning side. Since the value of the scanning view Table 1 . Locations of island rain gauge stations in Japan and Taiwan.
angle might not be the same for all AMSU-A raining pixels, and since little water vapor exists in the path from the cloud-top to the satellites, a slight difference is caused by the attenuation of water vapor above the top of the raining cloud to the radiometer of the satellite.
The rain threshold for the AMSU-A channel was determined using the AMSU-A Tb statistic of demonstrating no rain events from island stations. In this study, the rain thresholds are taken as the mean values of the Tb. Table 2 shows the rain thresholds for five rain gauge stations in 1999 -2001. These thresholds were 208.37, 179.42, and 254.56 K for the Tb23, Table 2 . Rain thresholds for the Tb23, Tb31 and Tb89 (corresponding to AMSU-A channels #1, 2 and 15). Tbs ± Std, Tbs: brightness temperatures, Std: standard difference.
Tb31, and Tb89 respectively. Island rain gauge data can be used as ground-truth data coincident with the satellite rainfall observations (Chen and Li 2000) . In this study, rain gauge observations were treated as the rain representatives for the waters around the associated island. Because the island area is smaller than AMSU-A FOV, this study does not consider the island land effect on rainfall retrieval.
Rain Identification
Figure 1 illustrates a flowchart of the rainfall retrieval algorithm, showing the procedure used to identify a raining pixel and recognize its rain type. The rainfall retrieval is processed if an AMSU-A measurement is recognized as a rain event. This study made rain type classifications using a threshold check (TC) technique (Chen and Li 2002b) . Raining AMSU-A measurements with Tb89 lower than their threshold are classified as rain events associated with an emission-based mechanism. Other cases are considered a rain event associated with the scattering-based mechanism. Rainfall retrieval comprises four main steps: step 1 is rain identification, which involves separating the input AMSU-A data into raining and nonraining pixels; step 2 is rainfall estimation, which involves two algorithms for emission-and scattering-based rainfall retrieval mechanisms; step 3 is a quantitative verification procedure, in which the ground truth was used to verify rain estimation, and step 4 is the qualitative verification. Oceanic rain region distribution is compared with various satellite IR images. Accurate rain identification determines the efficiency of rainfall retrieval using satellite-based passive microwave radiometers. Any rain identification technique must focus on accurately distinguishing rain signals from environmental noise.
The rain flag (RF) rain identification technique presented by Grody et al. (1999) was employed to screen raining regions over the ocean. A parameter called Cloud Liquid Water (CLW) was defined for weather classification, and is shown in equation (1): 
According to the thresholds for SIW, all AMSU-A measurements were separated into one of the two rain flag (RF) categories: raining (SIW > 9) and nonraining (SIW ≤ 9), which were represented by RF values of 1 and 0 respectively. By using rain gauge data from Sakishima-shoto of Japan as the ground truth, rain identification validation was carried out using both the TC and RF techniques in both May and June of the years 1999, 2000, and 2001. They display the comparison with the RF and TC techniques in 1999 , and 2001 , and 5). The statistics for using the RF technique to identify rain and no rain events are better than those obtained using the TC technique, and the successful recognition rates using the RF technique are 87.3%, 87%, and 89% for 1999, 2000, and 2001 respectively. The next step after recognizing oceanic rain regions is to classify their rain types. Rain type classifications were made using the TC technique. The threshold of 89.0 GHz of the AMSU-A channel was used to classify the rain types, with those under 254.56 K being classified as scattering-based mechanisms, while those over 254.56 K were classified as emissionbased mechanisms. 
Quantitative Rainfall Retrievals
Defining the relationship between the increased Tbs and RRs for emission rainfall algorithms (or decreased Tbs and RRs for scattering rainfall algorithms) requires either utilizing theoretically derived relationships between Tbs and RRs or employing regression techniques against ground-truth data (Liu et al. 2001) . This study used a piecewise linear regression technique in order to retrieve quantitative RRs. Notably, within the dynamic ranges, the relation-ship of RR and AMSU-A Tb originally was near linear (This study assumed the relationship between RR and AMSU-A multiple-channel Tbs in this interval to be linear). A linear relationship yields a one-to-one function, and thus the piecewise linear regression technique was used for retrieving oceanic RRs in this study. Tables 6, 7, and 8 list equations used in this study calculated using the JMA data and their coincident AMSU-A multiple-channel Tbs through a piecewise linear regression technique.
Since the emission rainfall algorithm is suitable only before the saturation point, the key point of the rainfall algorithm used in this study is to determine which AMSU-A channel can join the multiple-variable linear regression within a specific piecewise linear regression interval. Figure 2 presents the concept of piecewise linear regression for the emission rainfall algorithm. The figure was plotted using a second-order polynomial curve to simulate the increase of Tbs Table 6 , except for the multi-channel linear regression equatioon. Table 8 . Like Table 6 , except for the scattering-based mechanism single-channel linear regression equatioon.
with RRs within the dynamic range. Beyond that range, Tbs decrease with RRs. Points A and B denote the saturation pints at 23.8 and 31.4 GHz, and points DRA and DRB represent the dynamic ranges for 23.8 and 31.4 GHz respectively. Within DRA, only the AMSU-A channel at 23.8 GHz can join the linear regression. Meanwhile, within DRB, two AMSU-A channels of 23.8 and 31.4 GHz can join the linear regression in this interval. To define the two-channel linear regression equation of RR and AMSU-A multiple-channel Tbs, this study restricted the domain of this equation to the interval (0, DRB). Additionally, this study restricted the domain of the two-channel linear regression equation to the interval (DRB, DRA). Accordingly, determining of the saturation point is essential for this rainfall algorithm. The procedure for finding this cut-off point of the channel of 23.8 GHz is described below.
The maximum retrieved RR can be obtained using all the AMSU-A data of the channel of 23.8 GHz over the ocean as input data, and was computed using the single-channel regression equation of 23.8 GHz. The interval ranging from 0 mm hr 1 − to the maximum retrieved RR was assumed to be the DRA (dynamic range of channel A). Moreover, point A (Fig. 2) indi- cated the saturation point for the channel of 23.8 GHz over the ocean. Since this study used satellite data for a three-year period, a maximum of three different locations of point A and their corresponding maximum retrieved RRs can be identified. In this study, the point with the smallest value among these three points was defined as the cut-off point. The emission rainfall algorithm is only valid within the dynamic range. In the following 23.8 GHz channel related computations, this cut-off point should ensure that all 23.3 GHz data remain in the dynamic range. Again, no 23.3 GHz data beyond the saturation point was used in the computation. In the study domain from 23°N, 124°E to 26°N, 126°E, single-channel linear regression equations for the 23.8 GHz channel were used to obtain the maximum values of oceanic RRs in 1999-2001 (Table 6 ). The maximum retrieved RRs for a channel at 23.8 GHz are 9.22, 10.59, and 10.58 mm hr Table 7 lists the definitions of multiple-channel (23.8 GHz, 31.4 GHz) linear regression equations. In contrast, for scattering-based mechanism rainfalls, the single-channel regression equation at 89.0 GHz (RR89) was also obtained with an R2 value of 0.82 (Table 8 ). Figure 3 shows the strategy of the rainfall retrieval algorithm using the AMSU-A, which is separated into two categories of rainfall retrievals to deal with the rainfall associated with emission-based or scattering-based mechanisms.
Combining the use of GMS-5 and AMSU-A data can solve the beam-filling problem, and ensure that quantitative rainfall retrievals from AMSU-A data were reasonably accurate compared to rain gauge measurements. Checking the homogeneity of the raining area for each AMSU-A pixel is straightforward. For example, Fig. 4 shows a sample of highly inhomogeneous situations for an AMSU-A pixel located on the edge of the MCSs. Although the MIYAKOJIMA rain gauge station was located within the AMSU-A pixel, no rainfall was observed at that moment. However, the rainfall retrieval results showed it was a rain pixel. In cases such as this, satellite retrieval measurements and rain gauge measurements might differ significantly. This study ignored the rain estimation of this type of pixel, and excluded it from the statistics.
RESULTS

Quantitative Verifications
Using a MW rainfall retrieval algorithm presented by Chen and Li (2002a) , the Tb values of the AMSU-A channels at 23.8, 31.4, and 89.0 GHz were suitable for retrieving oceanic RRs with properly designed multiple-channel linear regression equations. This algorithm assumed that the relationship between RR and Tb was near linear within the dynamic range. The AMSU-A multiple-channel Tbs and one-hour accumulated rainfall thus were used to establish linear Fig. 3 . Strategy of rainfall retrieval used in each linear regression interval. The whole rainfall retrieval range comprises several piecewise linear regression intervals, and is separated into two categories involving rainfall retrieval for emission-based and scattering-based mechanisms respectively. regression equations and estimate precipitation. The retrieval results demonstrate the average RRs within AMSU-A FOV (Zhao et al. 2000) . Island rain gauge data from four JMA stations (#94001, 94061, 94081, and 94116) were taken as the ground truth representing the average RR in quantitatively verifying the retrieval results. Considering the spatial resolution of the AMSU-A data, a corresponding Tbs/RR pair is defined based on a distance from the center of the effective field of view to the island rain gauge station of below 25 km, and a temporal difference of below 1 hour. During the period from May to June in 1999 -2001, 40 Tbs/RR pairs thus were classified as corresponding. Using the TC technique, the 40 Tbs/RR pairs were divided into 33 emission-based rain types and seven scattering-based rain types. Estimation of emission-based RR included two RR retrievals with RR values less than 1.5 mm hr 1 − , and they were discarded. Within the 31 corresponding Tbs/RR pairs of emission-based rain types, the coefficient of determination (simplified with symbol "R2") was 0.76. Moreover, the seven corresponding Tbs/RR pairs of scattering-based rain types has R2 of 0.86. Finally, 36 of the 38 corresponding Tbs/RR pairs had intensities of less than 10 mm hr 1 − , while the remaining two pairs had intensities of less than 20 mm hr 1 − . Figure 5 shows the scatter plot of the estimated and observed RRs. Applying a linear regression technique through the origin, the R2 was calculated as 0.72 ( RRe 1.38 RRo = × ). This clearly shows an overestimation of the RRe (Rain Rate of Estimation) compared to the RRo (Rain Rate of Observation). The estimated RR over the ocean obtained through the above approach is almost the same as that obtained by Goldberg (1999) .
This study also performed an independent test using an independent data set gathered from islands away from the four JMA stations. Figure 6 shows the quantitative verification results with an R2 value of 0.5. This data was provided independently from the Pengchiayu (25.62°N, 122.07°E), Lutao (22.65°N, 121.47°E), and Lanyu (22.04°N, 121.55°E) . Forty Tbs/RR pairs occurred during the same period, and had RR retrievals of less than 10 mm hr Results showed that the rainfall algorithm developed for the area near Japan required slightly modification to make it suitable for application elsewhere.
Qualitative Verification
Limited MW remote sensing technology, a poor temporal scan resolution strategy, and a narrow scan-swath restrict the application of a single-satellite rainfall observation system in both flash flood watching and heavy oceanic rainfall warnings. Using a rainfall algorithm (Chen and Li 2002a) , this study presented an oceanic RR retrieval using the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) for quantitative comparison, with the RR retrieval using the AMSU-A. When the AMSU-A's observations were unavailable, RR retrievals were made using the IR data from the GMS-5 (Chen and Li 2002b) or using MW data from the TMI for continuous monitoring of this MCS. The essential task in this is to eliminate the discrepancy between different rainfall algorithms.
During the Green Island Mesoscale Meteorological Experiment (GIMEX), the IR image of the 11 µm band of VISSR/GMS-5 was used to observe MCSs prevailing over the South China Sea. At 0532 UTC on 23 May 2001, the GMS-5/VISSR observed an MCS to the east of Hong Kong (Fig. 7) . Cloud-tops with low IR 11 µm Tbs (≤ 210 K) were spread from 19°N to 21°N. Figure 8 shows oceanic RR retrievals using the TMI (orbit #20064) at 0534UTC on 23 May 2001. Corresponding rain identification results were made using the TC technique, and three regions had RRs exceeding 10 mm hr 9°N, 117.1°E ), respectively. Rain regions existed over an area ranging from 17°N, 112°E to 21.8°N, 120°E. All MCS rainfalls were classified into scattering-based mechanisms and emission-based mechanisms using the TC technique. Results show that the rain regions generally were located between 18.5°N and 21°N, conforming reasonably well to the pattern of the cold cloud-tops. rainfall regions ranged from 200 K to 210 K. Thus, compared with Fig. 7 , the rain regions and heavy rainfall displayed very similar patterns. However, AMSU-A RRs (Fig. 9) were less than those of TMI RRs (Figs. 8) . The reason for this phenomenon may be that TMI has better resolution than AMSU-A. Moreover, if the AMSU-A RRs were multiplied by a factor of approximately 1.5, their intensities were roughly equal to those of the TMI RRs. This was especially true for heavy rainfalls. Therefore, an oceanic MCS can be monitored more frequently using a multiple-satellite rainfall observation system than by using a single-satellite system. The AMSU-A data can be obtained one hour after the NOAA satellite passes over Taiwan, and this near real-time data transferal is very helpful for preventing major disasters. Figure 10 shows a good agreement in qualitative comparisons among the TMI RR, AMSU-A RR, and TRMM Algorithm 2A12-TMI RR (NASA RR) provided by the TRMM Data and Information System. Notably, algorithm 2A12 is based on a Bayesian approach, resembling that developed by Kummerow et al. (1996) . 
CONCLUSIONS
This study developed an oceanic rainfall algorithm using the AMSU-A channels at 23.8, 31.4, and 89.0 GHz. Validation of rain identification was carried out using rain gauge data that showed that the overall successful recognition rate exceeded 87%. As for quantitative validation, the coefficient of determination is 0.72. The algorithm developed in this study was shown to be suitable for retrieving the rainfall rate at sea. Additionally, the algorithm developed here also can provide a useful comparison with the modeling results.
The existing individual microwave radiometer currently cannot provide enough measurements to monitor MCSs occurring at sea, so the best policy is to use multi-microwave channels on board different platforms, to obtain rainfall rate. Inter-calibration between the rainfall rates should be performed before combining the rain retrievals from various satellite radiometers. Since the study results showed good agreement in qualitative comparisons among TMI RR, AMSU-A RR, and TRMM Algorithm 2A12-TMI RR, and since the intensities of AMSU-A RRs roughly equaled those of the TMI RRs when multiplied by a factor of approximately 1.5 (especially true for heavy rainfalls), good potential exists for establishing a dual-satellite rainfall observation system using both AMSU-A and TMI instruments. In the future the Precipitation Radar instrument is expected to be included in the observation system. Additionally, the use of real-time data from the AMSU-A should yield better quantitative predictions of heavy rainfall and new knowledge in the study of the MCSs. The results presented in this study also showed that the optimal advantage of this statistical approach is the simplicity of the calculations involved. Further improvements in this algorithm would be helpful for accurately estimating rainfall rates over ocean areas.
